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INTRODUCTION

PERIODONTITIS, a major cause of tooth loss, is a chronic
inflammatory disease leading to destruction of tooth-

supporting structures. Current modes of treatment essen-
tially halt the disease progression with limited success in
regeneration of the lost tissue. The use of growth factors
(GFs) to reengineer periodontal tissue has been re-
viewed.1 Application of platelet-derived growth factor
BB (PDGF-BB) alone or in combination with insulin-like
growth factor I (IGF-I) to treat periodontal defects re-

sulted in partial regeneration of periodontal tissues in-
cluding periodontal ligament (PDL), cementum, and bone
in both animal and human studies.2–5 However, one prob-
lem with current growth factor delivery to periodontal
wounds is the short half-life of the factors. Topical de-
livery of GFs remains in periodontal defects for a lim-
ited duration, possibly because of proteolytic cleavage,
and the solubility of the carrier.6 It has been shown that
long-term delivery of GFs by gene transfer provides a
more sustained delivery above that of GF protein appli-
cation.7–9 Thus, gene therapy may achieve greater
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ABSTRACT

Destruction of tooth support due to the chronic inflammatory disease periodontitis is a major cause
of tooth loss. There are limitations with available treatment options to tissue engineer soft tissue pe-
riodontal defects. The exogenous application of growth factors (GFs) such as platelet-derived growth
factor (PDGF) has shown promise to enhance oral and periodontal tissue regeneration. However,
the topical administration of GFs has not led to clinically significant improvements in tissue regen-
eration because of problems in maintaining therapeutic protein levels at the defect site. The uti-
lization of PDGF gene transfer may circumvent many of the limitations with protein delivery to soft
tissue wounds. The objective of this study was to test the effect of PDGF-A and PDGF-B gene trans-
fer to human gingival fibroblasts (HGFs) on ex vivo repair in three-dimensional collagen lattices.
HGFs were transduced with adenovirus encoding PDGF-A and PDGF-B genes. Defect fill of bilayer
collagen gels was measured by image analysis of cell repopulation into the gingival defects. The mod-
ulation of gene expression at the defect site and periphery was measured by RT-PCR during a 10-
day time course after gene delivery. The results demonstrated that PDGF-B gene transfer stimu-
lated potent (.4-fold) increases in cell repopulation and defect fill above that of PDGF-A and
corresponding controls. PDGF-A and PDGF-B gene expression was maintained for at least 10 days.
PDGF gene transfer upregulated the expression of phosphatidylinosital 3-kinase and integrin a5

subunit at 5 days after adenovirus transduction. These results suggest that PDGF gene transfer has
potential for periodontal soft tissue-engineering applications.

Center for Craniofacial Regeneration and Department of Periodontics, Prevention, and Geriatrics, School of Dentistry, Uni-
versity of Michigan, Ann Arbor, Michigan.



bioavailability of GFs within periodontal wounds with
resultant improvements in periodontal regeneration.

PDGF has been studied for gene delivery to success-
fully promote soft tissue repair.7,9,10 PDGF is a potent
stimulator of fibroblast cell migration, mitogenesis, pro-
liferation, and matrix synthesis important in wound heal-
ing.11–13 The biological activities of PDGF are mediated
through two intrinsic tyrosine kinase receptors (PDGFaR
and PDGFbR) that induce several sets of signaling mol-
ecules, such as phosphatidylinositol-3-kinase (PI3 ki-
nase).14,15 Adenovirus encoding GFs is being considered
for wound repair in order to achieve high but transient
transgene expression. In vitro studies performed by our
group have shown that adenovirus encoding PDGF de-
livered to cells derived from periodontal tissues (gingi-
val and PDL fibroblasts, cementoblasts, and osteoblasts)
elicits elevated and prolonged PDGF gene expression for
at least 1 week.16,17 Ad/PDGF enhanced in all cell types
mitogenic and proliferative activities that were sustained
above that of PDGF protein. Furthermore, Ad/PDGF
gene transfer resulted in sustained tyrosine kinase phos-
phorylation and downregulation of the growth arrest-spe-
cific (gas) gene product PDGFaR for at least 96 h.18

This study sought to test the effect of gene transfer by
adenovirus encoding PDGF-A and PDGF-B on human
gingival fibroblast (HGF) repopulation and resultant
wound fill in a three-dimensional ex vivo wound-healing
model. Furthermore, we evaluated the effect of PDGF
gene transfer on the regulation of genes associated with
tissue repair such as collagen type I, PI3 kinase, and in-
tegrin a5 subunit. This new system may provide a
methodology to better determine the role of PDGF trans-
genes in oral and periodontal repair.

MATERIALS AND METHODS

Cell culture and recombinant adenovirus encoding
PDGF constructs

The primary human gingival fibroblasts (HGFs) used
in this study were a kind gift from M. Somerman (Uni-
versity of Washington, Seattle, WA). HGFs were derived
from healthy gingivae of a human gingival tissue biopsy,
and used from passages 4–6. The cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM;
GIBCO-BRL Life Technologies, Grand Island, NY) sup-
plemented with 10% fetal calf serum (FCS; Gemini Bio-
Products, Woodland, CA). L-glutamine (2 mM), and an-
tibiotics (penicillin [100 units/mL] and streptomycin 
[100 mg/mL]; GIBCO-BRL) in a humidified atmosphere
of 5% CO2 in air at 37°C. Ad/GFP and Ad/PDGF-A
viruses were constructed as previously described16 and
Ad/PDGF-B was kindly donated by Selective Genetics
(San Diego, CA).
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Fabrication of fibroblast-populated 
collagen lattices

Three-dimensional fibroblast-populated collagen lat-
tices (FPCLs) were fabricated according to a method
adapted from Al-Khateeb et al.19 The FPC gel was mixed
on ice containing rat tail tendon collagen type I (1.5
mg/mL; BD Biosciences, Bedford, MA), 1% 1 M NaOH,
23 DMEM diluted to 13, antibiotics (penicillin [100
units/mL] and streptomycin [100 mg/mL]), and 3.5 3 104

HGFs/mL. Three-dimensional FPCLs were fabricated by
plating 0.5 mL of FPC gel into individual 22-mm-diam-
eter cell culture plates followed by polymerization at
37°C for 1–2 h. DMEM supplemented with 1% platelet-
poor plasma (PPP), L-glutamine (2 mM), and antibiotics
(penicillin [100 units/mL] and streptomycin [100
mg/mL]) was added and the lattices were incubated
overnight.

Fabrication of wounded bilayered model and
HGF gene transfer

The acellular collagen lattices were fabricated in 12-
well tissue culture plates according to the above-de-
scribed protocol 1–2 h before preparing the wounded bi-
layered model. Each FPCL was “wounded,” using a
6-mm biopsy punch (George Tiemann, Hauppauge, NY),
and carefully overlaid onto the acellular collagen lattice,
using 80 mL of freshly prepared collagen gel solution as
an interposing adhering medium (Fig. 1A). All excess
collagen gel in the wound area was removed. Forty mi-
croliters of collagen gel alone (NT), or collagen gel con-
taining 3.5 3 106 plaque-forming units (PFU) of
Ad/GFP, Ad/PDGF-A, or Ad/PDGF-B per milliliter was
applied to each of the tissue defects (20 multiplicities of
infection [MOI]/wound; Fig. 1A). The wounded bilay-
ered lattice (WBLL) was incubated for an additional ,2
h to allow for complete polymerization followed by ad-
dition of 1.5 mL of DMEM containing 1% PPP. The
medium was changed on days 3, 5, 7, and 10 after wound-
ing. A total of 12 WBLLs were fabricated for each treat-
ment group to allow for multiple analyses including cell
counting, image analysis, and RNA harvest for gene ex-
pression analysis.

Cell quantification of HGFS in ex vivo gingival
defects after PDGF gene delivery

Ten days after gene transfer, each FPCL in the defect
area was separated and dissected from the defect periph-
ery, using a 6-mm biopsy punch placed over the original
defect (i.e., defect area); cells outside this zone were
termed the “defect periphery” (Fig. 1A). HGFs were re-
covered from the FPCLs via collagenase digestion as pre-
viously described.19 Briefly, the FPCLs were digested
with collagenase type XI (2 mg/mL; Sigma, St. Louis,
MO) at 37°C for 1 h, followed by incubation for 20 min
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with 0.2% (w/v) trypsin and 5 mM ethylenediaminetet-
raacetic acid. The cells were then pelleted and resus-
pended in phosphate-buffered saline (pH 7.4). HGF cell
numbers yielded from the wound defect and wound pe-
riphery areas were measured separately with a Neubauer
hemocytometer; n 5 4 samples of each treatment group
were measured.

HGF cell repopulation into gingival defects 
after PDGF gene delivery as measured by
computer-assisted image analysis

Standardized 203 images of HGFs that repopulated
the defect area were captured on days 3, 5, 7, and 10, us-
ing a digital camera (Nikon E990; Nikon, Melville, NY)
fitted to an inverted microscope (Nikon TMS) with a
fixed aperture. The images were coded for masked com-
puter-assisted image analysis, using Image-Pro Plus soft-
ware (Media Cybernetics, Silver Spring, MD), to deter-
mine HGF wound fill and cell density in the wound area
at each time point. A single, calibrated examiner evalu-
ated all the images and demonstrated a pre- and poststudy
calibration intraexaminer error of ,5%. HGF repopula-
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tion (defect fill) was determined by measuring the mean
distance of cell repopulation into the wound area from
the wound margin compared with the mean diameter of
the defect area. Cell density in the defect area was de-
termined by measuring five standardized areas of inter-
est (AOI) at 1 mm2 each directly across the horizontal
diameter of the defect. The first two AOIs were measured
at the wound margin, then another two AOIs were mea-
sured at the areas adjacent to the peripheral regions and
one AOI was measured in the direct center of the wound
area. The summation of cell density from each AOI was
performed and the mean values were generated for each
group. The images were uncoded and then analyzed us-
ing one-way analysis of variance (ANOVA) and Fisher’s
protected least significant difference (PLSD) to deter-
mine the differences among groups.

Effect of Ad/PDGF-A and -B gene transfer on
HGF gene expression

To examine the transgene transduction efficiency and
the modulation of gene expression after Ad/PDGF-A and
-B delivery to HGFs, reverse transcriptase-polymerase
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FIG. 1. Fabrication of the bilayered wound defect model. (A) Fibroblast-populated collagen lattices (FPCLs) were fabricated and
wounded with a 6-mm-diameter biopsy punch. Acellular collagen lattices were constructed and served as the inferior layer wound
bed. Each FPCL was overlaid on the acellular layer followed by application of a collagen gel incorporated with 1% PPP (no treat-
ment, NT) or 3.5 3 106 plaque-forming units (PFU)/ml (20 MOI) of adenovirus encoding either GFP, PDGF-A, or PDGF-B. Im-
ages depict HGFs migrating from the defect margin. (B) A representative phase-contrast image depicts the wound margin of a de-
fect treated with Ad/GFP for 7 days (original magnification, 3200). Arrows indicate HGF cells transduced by Ad/GFP near the
defect margin. (C) Fluorescence image depicts the corresponding HGF cells expressing green fluorescent protein.



chain reaction (RT-PCR) experiments were performed.
On days 5 and 10, the wound areas of two WBLLs from
each experiment were harvested with a 9-mm biopsy
punch to include the wound site and 1.5-mm zone pe-
ripheral to the defect. Total RNA was extracted from
HGFs, using TRIzol reagent (GIBCO-BRL). One micro-
gram of RNA was reverse transcribed in a 20-mL RT re-
action, using a Retroscript kit (Ambion, Austin, TX). RT-
PCR was performed to determine the expression of the
following genes: PDGF-A, PDGF-B, collagen type I a1

chain (COLIa1), the a subunit of PI3 kinase (P85a), and
integrin a5 subunit (a5). The housekeeping gene glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) was
used to assess the relative loading of the mRNA samples.
The primer pairs for each gene and the expected PCR
products are shown in Table 1. A total volume of 25 mL
of the PCR was mixed with 5 mL of RT product, 13 PCR
buffer (10 mM Tris-HCl [pH 9.0], 50 mM KCl, and 0.1%
Triton X-100), 100 mM dNTPs, 750 mM MgCl2, primers
(1 mM each), and 0.5 unit of Taq DNA polymerase
(Promega, Madison, WI), using a PerkinElmer thermo-
cycler 9600 (PerkinElmer, Norwalk, CT). The PCR con-
ditions for detecting expression of PDGF-B were 94°C
for 2 min, 45 cycles of 94°C for 30 s, 60°C for 1 min,
followed by 72°C for 10 min. The forward primer of
PDGF-B was located at the 39 end of the PDGF-B gene
and the reverse primer included the Ad/PDGF-B virus
backbone. The PCR conditions for the other genes were
94°C for 2 min, 30 cycles of 94°C for 30 s, 57°C for 45
s, and 72°C for 45 s, followed by 72°C for 10 min. Ten
microliters of PCR product was separated on 1.5%
agarose gels in TBE buffer and visualized by staining
with ethidium bromide. The relative ratio of gene ex-
pression was normalized with GAPDH, using the NIH
Image 1.62 program.
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RESULTS

In the present study, a three-dimensional collagen lat-
tice wound-healing model was fabricated in vitro, using
HGF cells, to examine the effect of PDGF-A and -B ad-
enovirus gene transfer to promote ex vivo gingival repair.
A 6-mm wound was created in three-dimensional FPCLs
to determine the repopulation of HGFs into the defects
for up to 10 days. The expression on day 7 post treat-
ment of a reporter gene, GFP, transduced by Ad/GFP in
HGFs is depicted in Fig. 1B and C. A phase-contrast im-
age of the defect margin where HGFs repopulated into
the defect area is shown in Fig. 1B. There are a number
of HGF cells transduced with Ad/GFP in the defect area
and at the wound edge that correspond to the fluores-
cence image in Fig. 1C.

Representative images of HGFs that repopulated the
wound area on day 10 from each treatment are depicted
in Fig. 2. The images show the greatest density of HGF
cells occupying the wound area in the Ad/PDGF-B group
as compared with the other treatments. The Ad/PDGF-A
treatment did not significantly enhance cell repopulation
in the wound area compared with the NT or Ad/GFP-
treated defects. Several parameters were determined by
image analysis. The rate of defect fill was measured to
determine the HGF cell migratory rate over 10 days (Fig.
3). Defect fill progressively increased up to 72% in the
Ad/PDGF-B treated wounds over 10 days. The result
showed a significantly more rapid defect fill in the
Ad/PDGF-B-treated wounds as compared with the other
treatments at all time points (p , 0.001). Beyond day 10,
many of the lattices began to experience contracture at the
peripheral regions, preventing longer term assessment. No
significant differences were noted in contracture of the in-
ternal wound areas at all time points (p . 0.05).
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TABLE 1. PRIMERS USED FOR RT-PCR EXPERIMENTS

PCR product
Gene Primer (bp)

PDGF-A Forward: 59-CCTGCCCATTCGGAGGAAGAG-3 9 224
Reverse: 59-TTGGCCACCTTGACGCTGCG-3 9

Ad/PDGF-B Forward: 59-CAAGCACACGCATGACAAGA-3 9 131
Reverse: 59-TGTGAAATTTGTGATGCTATTGCTTT-3 9

COLIa1 Forward: 59-TCCCAGAACATCACCTACCACTGC-3 9 202
Reverse: 59-TGTATTCAATCACTGTCTTGCCCC-3 9

PI3 kinase (P85a) Forward: 59-GTGGAAGATGATGAAGATTTGCCC-3 9 215
Reverse: 59-AAGCCATAGCCAGTTGCTGTTTTG-3 9

Integrin a5 (a5) Forward: 59-GACTACTTTGCCGTGAACCAGAGC-3 9 171
Reverse: 59-GCGAGTTGTTGAGATTCTTGCTGAG-3 9

GAPDH Forward: 59-AAGTCAGAGGAGACCACCTGG-3 9 437
Reverse: 59-GACAACAGCCTCAAGATCATCAGC-3 9



The effect of Ad/PDGF-A and -B gene transfer on cel-
lular migration and proliferation was determined by mea-
suring total cell density of HGFs that repopulated the de-
fect area, using image analysis (Fig. 4). Significantly
greater cell density was detected in the Ad/PDGF-B-
treated defects compared with the other treatments at all
time points (p , 0.001). In addition, cell counting on day
10 was determined in two separate areas including the
defect area, and the defect periphery (Table 2). Compared
with all treatment groups, Ad/PDGF-B stimulated the
greatest increases in cell repopulation in the defect area
and defect periphery (p , 0.001).

The prolonged transduction of PDGF genes by
Ad/PDGF-A and -B gene transfer in HGFs was exam-
ined by RT-PCR (Fig. 5). HGF gene expression of both
PDGF-A and PDGF-B genes was induced over a period
of 10 days in Ad/PDGF-A- and Ad/PDGF-B-treated de-
fects, respectively. No significant change in expression
of COLIa1 was observed in both the Ad/PDGF-A- and
Ad/PDGF-B-treated defects during the experimental pe-
riod (Fig. 6A). Upregulation of the PI3 kinase P85a sub-
unit and integrin a5 genes was observed in the Ad/PDGF-
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B-treated defects on day 5. No changes were observed in
the level of expression for these two genes by day 10 in
the Ad/PDGF-B-treated wounds (Fig. 6B). No significant
changes in PI3 kinase P85a subunit and integrin a5 ex-
pression were noted after PDGF-A gene transfer. The re-
sults showed that upregulation of PI3 kinase and integrin
a5 subunit in response to PDGF-B gene transfer may be
involved in the promotion of the early wound-healing
process. However, the direct effects of PDGF-B gene
transfer on these signaling pathways were not specifically
measured.

DISCUSSION

We have established an artificial three-dimensional
wound model to test the effects of Ad/PDGF-A and -B
gene transfer to gingival cells derived from healthy peri-
odontal tissue. This model was developed to directly ap-
ply growth factor vector immobilized in a soluble matrix
to a wound site to serve as a scaffold for invading cells.
Subsequent transduction of these cells would then allow
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FIG. 2. PDGF-B gene transfer stimulates ex vivo gingival defect fill. Images depict HGF repopulation into the wound defect
area. Standardized digital images show HGFs filling in the wound area 10 days after no treatment (NT; A) or after treatment with
20 MOI of Ad/GFP (B), Ad/PDGF-A (C), or Ad/PDGF-B (D) per defect (n 5 4 defects per group; original magnification, 320).
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for transgene expression and formation of new tissue
within the matrix scaffold. This mimicks the in vivo sit-
uation in which PDGF is released or incorporated in the
wound site and elicits activities toward the surrounding
target cell types. The results show the effective prolonged
expression of PDGF-A, PDGF-B, and green fluorescent
protein genes delivered by adenovirus over a period of
7–10 days in the wound sites (Figs. 1C and 5). It is con-
sistent with our previous work and others showing the
sustained production of PDGFs delivered by adenovi-
rus.9,16,17 The GF produced in this wound model is pre-
sumably locally produced within the wound and released
into the culture medium, affecting neighboring cells in
an autocrine, paracrine, and delayed paracrine manner.
We have previously shown that PDGF protein produc-
tion is approximately 200 ng/106 fibroblasts per day.18

Further studies will be necessary to determine differences
in expression of PDGF receptors in diseased and regen-
erating tissues known to be modulated in these situa-
tions.20,21
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The Ad/PDGF-B-treated wounds exhibited the great-
est degree of wound fill by increasing HGF repopulation
into the wound defect area. There was a 2-fold increased
rate of defect fill in the Ad/PDGF-B group compared with
all other groups, including Ad/PDGF-A. Our data are
consistent with many in vitro and in vivo studies relating
to PDGF and soft tissue repair. PDGF-AB has been
shown to be a strong chemotactic factor for gingival fi-
broblasts in the in vitro Boyden chamber system.22 In ad-
dition, it has been demonstrated that PDGF-BB elicited
a dramatic increase in wound closure in several animal
models.7,9,10 For example, application of PDGF-B en-
coded by plasmid or adenovirus DNA vector impregnated
in collagen matrix induced ,2.5 times greater wound clo-
sure in the 6- or 8-mm ischemic skin wounds in rabbits
as compared with the negative control.9,10 Our results us-
ing the in vitro model are consistent with the degree of
wound closure induced by PDGF-B gene transfer in ex-
traoral soft tissue wounds.

Image analysis showed approximately 4-fold greater
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FIG. 3. PDGF-B gene transfer stimulates ex vivo gingival defect fill. HGF repopulation of created defects left untreated (NT)
or treated with Ad/GFP, Ad/PDGF-A, or Ad/PDGF-B was measured by computer-assisted image analysis on days 3, 5, 7, and
10 postwounding. The percentage of wound fill was measured by determining the mean distance of cell migration into the wound
area compared with the mean diameter of the wound. The data represent mean and standard error of measurement at each time
point. Ad/PDGF-B induced significantly higher wound fill over time (p p , 0.001) compared with the other groups 3, 5, 7, and
10 days after gene transfer (n 5 4 defects per group).



cell densities of HGFs that repopulated the defect area in
the Ad/PDGF-B-treated sites as compared with the other
groups. In addition, Ad/PDGF-B significantly enhanced
cellular density in the defect area on day 10 as deter-
mined by cell measurement. Mumford and co-workers
created a 3-mm defect on tissue culture plastic and
showed significantly greater percentages of cell density
of HGFs in response to a variety of PDGF-BB concen-
trations compared with controls over a period of 9 days
when PDGF-BB was continuously added to the
medium.23 However, they reported that PDGF-BB did
not induce higher cellular proliferation of HGFs as com-
pared with control. Thus, the rapid wound fill in their in
vitro wound model might occur by activation of cellular
migration in response to PDGF-BB rather than cellular
proliferation. In addition, it has been shown that HGFs
grown in collagen gels exhibit no significant increase cel-
lular proliferation in response to PDGF-BB compared
with negative controls on day 14.24 Although we did not
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directly measure cell migration and proliferation sepa-
rately, we found that HGF cells transduced with
Ad/PDGF-B repopulated the defects more rapidly than
the corresponding controls, including Ad/PDGF-A. The
stimulatory effects of PDGF on cell migration and pro-
liferation are mediated through two receptors designated
as a and b receptors. PDGF-A binds only to PDGF-aR,
and PDGF-B binds to both a and b receptors.15 PDGF-
A and -B have been shown to be expressed in gingival
wounds for up to 3 days postwounding. PDGF-aR was
minimally detectable, whereas PDGF-bR was upregu-
lated and became maximal after 7 days.20 Furthermore,
PDGF-aR was not measurable in cultured gingival and
periodontal ligament fibroblasts, but PDGF-bR appeared
to be highly expressed in the 6-week human regenerated
periodontal tissues compared with gingival and peri-
odontal ligament tissues.21 This likely explains the lim-
ited response of HGFs to Ad/PDGF-A gene transfer in
this model.
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FIG. 4. Density of cell repopulation into collagen wound defects. Total cell density of HGFs that repopulated defects left un-
treated (NT) or treated with Ad/GFP, Ad/PDGF-A, or Ad/PDGF-B was measured by computer-assisted image analysis on days
3, 5, 7, and 10. The data represent means 6 SEM. Ad/PDGF-B induced significantly higher total cell density (p p , 0.001) com-
pared with all other groups 3, 5, 7, and 10 days after gene transfer (n 5 4 defects per group).

TABLE 2. HGF CELL COUNTS ON DAY 10 AFTER DEFECT CREATION

Treatment (cells 3 103 6 SEM)

Cell count (n 5 4) NT Ad/GFP Ad/PDGF-A Ad/PDGF-B

Defect area 2.3 6 0.4 1.3 6 0.1 1.5 6 0.3 4.9 6 0.6a

Defect periphery 53.1 6 8.2 35.4 6 5.4 49.7 6 2.7 145.0 6 5.0b

ap , 0.05; significantly different from the other treatments.
bp , 0.001; significantly different from the other treatments.



It has been shown that stimulation of granulation tis-
sue formation by PDGF-A plasmid DNA was compara-
ble to that found with PDGF-B.10 Our in vitro results
showed significantly less defect fill induced by
Ad/PDGF-A. Possible explanations are as follows: (1) In
general, PDGF-BB possesses a more potent stimulatory
effect on cellular migration, and induces proliferation
greater than PDGF-AA or PDGF-AB;25–27 (2) induction
of cell growth by PDGF-AA or Ad/PDGF-A requires ad-
ditional growth factors present in serum; our system was
devoid of progression factors such as IGF-I18,28,29; and
(3) PDGF-AA binds selectively to PDGF-a receptors; it
has been shown that homodimers of PDGF-a receptor
does not mediate chemotaxis in many cell types.30,31 It
is possible that PDGF-AA does not induce migration of
HGF, especially in this three-dimensional wound model.
Although expression of PDGF-aR and -bR was not de-
termined in the present study, these results suggest that
PDGF-BB or -AB that bind to PDGF-bRs may play a
greater role in periodontal wound healing.

One of the important steps in the wound repair pro-
cess is synthesis of extracellular matrix proteins, such as
collagen type I, by connective tissue cells.32,33 Our re-
sults revealed that the level of COLIa1 gene expression
in HGFs did not significantly change over a period of 10
days in any treatment. Several in vitro studies have shown
that PDGFs do not directly regulate collagen type I gene
expression by fibroblasts.34,35 Our result was consistent
with that reported by Irwin and coworkers, who found
no difference in collagen production between the nega-
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tive control (2.5% FCS) and PDGF-BB treatment when
HGFs were incorporated in the collagen lattice.24 Also,
PDGF-BB did not induce COLIa1 mRNA expression in
dermal fibroblasts incorporated in collagen gels while in-
creasing collagen type I protein synthesis.36 Although el-
evated production of collagen has been shown in vivo in
response to PDGF treatment,37 this result may be related
to the increased number of fibroblasts in the wounds, not
the cellular activity per se.34,38

Phosphatidylinositol-3-kinase is an important sec-
ondary messenger that regulates cellular migration and
proliferation in response to PDGF in many cell types.39–41

The regulatory P85a subunit of PI3 kinase has been
shown to directly interact with activated PDGFaR and
PDGFbR.42,43 Also, increased levels of phosphorylated
P85a subunit of PI3 kinase protein activated by PDGF
receptor have been detected.43,44 It has been shown that
PDGF-BB induces NIH 3T3 fibroblast cell migration on
collagen gels mediated by the P85a subunit of PI3 ki-
nase.45 Our study revealed that PI3 kinase was upregu-
lated on day 5 and remained relatively unchanged after
PDGF-B gene transfer as compared with the other groups
(Fig. 6). Although the activation state of PI3 kinase P85a

subunit was not determined, it is consistent with rapid
rates of HGF repopulation in the Ad/PDGF-B-treated de-
fects from days 3–5 with minimal subsequent changes in
defect fill rate from days 5 to 10. A serine-threonine pro-
tein kinase (Akt) is an important PI3 kinase dependent
on downstream signaling molecule for PDGF.15 Our
group has shown that Ad/PDGF induces sustained phos-
phorylation of Akt for up to 96 h in fibroblasts.18 Thus,
our data suggest that PI3 kinase is involved in response
to exposure of Ad/PDGF-B to HGF migration and pro-
liferation in this three-dimensional artificial wound
model at early time points.

It has been reported that expression of integrin a5 was
enhanced on fibroblasts adjacent to the wound and in the
granulation tissue in a cutaneous wound model.46 In our
experimental gingival defect model, HGFs surrounding
the defects incorporated with Ad/PDGF-A and -B pre-
sumably activated cell surface receptors of the integrin
family during migration into the wound and for sub-
sequent matrix biosynthesis. Our study shows that
Ad/PDGF-B upregulates integrin a5 subunit gene ex-
pression in HGFs on day 5 and that the level of expres-
sion was relatively similar to that of other groups at later
time points (Fig. 6). Our result is consistent with other
studies showing that PDGF-BB enhances the production
of integrin a5 at both the mRNA and protein level.46–48

PDGF selectively stimulates fibronectin production in fi-
broblast cell lines.49,50 Integrin a5b1 binds to fibronectin,
which is accumulated in the early phases of wound heal-
ing, and plays an important role in modulating fibroblast
migration into the wound.51,52 It has been shown in vitro
that fibronectin present in the collagen gel and fibrin gel
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FIG. 5. Prolonged induction of PDGF-A and PDGF-B trans-
genes in HGFs: day 10. RNAs extracted from HGF-populated
lattices were subjected to RT-PCR. The PCR products were an-
alyzed on ethidium bromide-stained gels and the expected PCR
sizes are indicated. PDGF-A and PDGF-B genes were induced
at all time points up to day 10 in the Ad/PDGF-A and
Ad/PDGF-B groups, respectively.
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FIG. 6. Effect of PDGF-A and PDGF-B gene transfer on HGF gene expression by RT-PCR. RNAs extracted from HGF-pop-
ulated lattices were subjected to RT-PCR with various sets of primers (Table 1) to determine the expression of ColIa1, PI3 ki-
nase (P85a), and integrin a5 subunit (a5) compared with GAPDH (A) on day 5 and (B) on day 10. Histograms depict the rela-
tive ratio of gene expression normalized to GAPDH on day 5 (A, right) and day 10 (B, right). The PCR products were analyzed
on ethidium bromide-stained gels and the expected PCR sizes are indicated. ColIa1 expression levels were not changed appre-
ciably in response to Ad/PDGF-A and Ad/PDGF-B during the 10-day observation period. PI3 kinase (P85a) and integrin a5 sub-
unit (a5) were upregulated in HGFs by PDGF-B induction on day 5, and remained unchanged compared with the other groups
on day 10.



is required for dermal fibroblast cells to transmigrate
from the collagen gel into the surrounding fibrin gel.53

Therefore, upregulation of integrin a5 subunit by HGFs
in Ad/PDGF-B-treated wounds at early time points cor-
relates with a rapid increase in HGF repopulation into the
defect area, especially from days 3 to 5 (Fig. 6).

We noted that Ad/PDGF-B-treated defects did not ex-
hibit wound contraction, suggesting that Ad/PDGF-B in-
corporated in the collagen scaffold may promote wound
healing with minimal scar formation. This is supported
by the observation that collagen-formulated Ad/PDGF-B
induced complete repair of excisional skin defects, with-
out the development of hypertrophic scar formation.9

Several growth factors work in concert for optimal wound
repair and lead to scar formation in most in vivo systems.
Application of collagen-formulated Ad/PDGF-B for pe-
riodontal wound repair and regeneration awaits further
study. A major consideration in using adenovirus for gene
transfer is the significant cytotoxic T cell-mediated im-
mune response that occurs when delivered in vivo.54 De-
spite the inflammatory cell infiltrate that is notable dur-
ing the early phases of wound repair, delivery of GF
genes to periodontal wounds can still result in bone and
ligament formation.55 The use of second and third vec-
tor systems should aid in decreasing the influence of in-
flammation when adenovirus is delivered in vivo.

Taken together, we have established a three-dimen-
sional wound model to locally deliver Ad/PDGF-A and
Ad/PDGF-B genes to cells derived from periodontal tis-
sue for the promotion of wound healing. The expression
of PDGF genes was prolonged for up to 10 days.
Ad/PDGF-B enhanced defect fill by induction of HGF
migration and proliferation. The upregulation of genes
associated with PDGF signaling (PI3 kinase) and fibro-
blast migration (integrin a5) suggests that several cellu-
lar and molecular events are modulated in response to
long-term PDGF gene delivery. In vivo delivery of
Ad/PDGF-B incorporated in collagen scaffolds as a bio-
mimetic device offers potential for the promotion of pe-
riodontal and oral tissue wound repair and regeneration.
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